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INTRODUCTION
Protein-only traits underlie an increasing cross-section of biology. Outcomes as varied as the regulation of gene expression in budding yeast and the emergence and progression of neurodegenerative disease in humans have now been linked to a proteinonly mechanism (Tuite and Serio 2010) . A subset of these traits, which are determined by proteins known as prions (Prusiner 1982) , are transmissible through either infection or heredity, shattering the long-held belief that information transfer had sole provenance in nucleic acids (Crick 1970) . The breakthrough that led to this advance was the uncovering of the distinct nature of the information itself: while nucleic acid-based information is encoded by sequence, protein-based information is encoded in conformation. Thus, when a prion protein adopts a new conformation, its native activity is altered, and/or it acquires a new one, leading to a novel phenotype (Tuite and Serio 2010) . Because the transmission of a protein-only trait requires the replication of its determinant in a new individual, prions represent the first in vivo example of an autonomous self-replicating shape (Penrose and Penrose 1957) .
In the more than three decades that have elapsed since this breakthrough, much insight into the structure of the selfreplicating conformation and the mechanism of self-replication has emerged (Knowles, Vendruscolo and Dobson 2014) . Both prion proteins and prionoids, which determine protein-only but non-transmissible traits (Aguzzi 2009 ), can access an alternative protein folding trajectory, which competes with the pathway leading to the native state (Jahn and Radford 2008) . Within this extended energy landscape, monomeric protein has the propensity to self-assemble into amyloid, a filamentous complex characterized by a cross-β structure, where the strands of a continuous β-sheet are arranged along the fiber length (Sunde et al. 1997) . At each end of the fiber, an exposed strand acts as a templating surface, allowing the formation of hydrogen bonds between backbone residues and the packing of side chains into a steric zipper (Nelson et al. 2005; Sawaya et al. 2007 ). This configuration promotes bidirectional growth of the fiber (Goldsbury et al. 1999; Blackley et al. 2000; Scheibel et al. 2001) and concomitantly the depletion of alternative conformers of the same protein (Satpute- Krishnan and Serio 2005; Knowles et al. 2009 ).
Given the self-replicating nature of amyloid, its appearance is the primary gateway to the emergence of new traits associated with this state. For many proteins, the kinetic threshold for amyloidogenesis appears to be high, primarily due to the need for self-assembly (Gazit 2002; Baldwin et al. 2011) . Amyloid formation proceeds via a nucleated process, in which monomers must assemble into an oligomer of defined size to become thermodynamically stable (i.e. the nucleus) (Jarrett and Lansbury 1993) . Once this threshold is reached, amyloid accumulation increases both through continued assembly onto this nucleus and through the formation of secondary nuclei by fragmentation of existing fibers to create new ends or by de novo assembly stimulated along the lateral surfaces of fibers (Masel, Jansen and Nowak 1999; Masel and Jansen 2001; Knowles et al. 2009; Gaspar et al. 2017) . The kinetic threshold for amyloidogenesis is easily overcome in vitro, where protein concentrations can be readily manipulated. However in vivo, amyloid appearance seems to be regulated beyond the intrinsic aggregation propensity of these proteins even at high concentration. For example, amyloid appearance increases during aging, with the decline of proteinquality control pathways known as the proteostasis network (Powers et al. 2009; Koga, Kaushik and Cuervo 2011) and in the presence of other misfolded proteins (Derkatch et al. 2001; Osherovich and Weissman 2001; Gidalevitz et al. 2006) .
To understand the emergence of protein-only traits, we must then uncover not only how the complex energy landscape of protein folding is balanced by the intricate proteostasis network to suppress amyloidogenesis but also where the points of vulnerability in this intersection lie. In this review, I examine the literature on prion appearance in the yeast (Cox 1965; Doel et al. 1994; TerAvanesyan et al. 1994; Chernoff et al. 1995; Patino et al. 1996; Paushkin, Kushnirov and Smirnov 1996; Glover et al. 1997; King et al. 1997; Paushkin et al. 1997 (Chernoff et al. 1995; Derkatch et al. 1997 also promotes the accumulation of SDS-resistant aggregates, a hallmark of the amyloid state (Serio et al. 2000) , of other proteins when they are overexpressed in the yeast cytosol, including the polyglutamine-expanded forms of the Machado-Joseph disease protein and exon 1 of huntingtin (Osherovich and Weissman 2001; Meriin et al. 2002; Alexandrov et al. 2008; KochnevaPervukhova, Alexandrov and Ter-Avanesyan 2012 (Sondheimer and Lindquist 2000; Derkatch et al. 2001; Osherovich and Weissman 2001) . The genetic and physical interaction of the Sup35 and Rnq1 prion proteins in their amyloid, native and denatured states has been extensively analyzed in vitro and in vivo, with Susan Lindquist, her long-term collaborator Susan Liebman, and many of her former trainees (cited throughout) contributing to our mechanistic understanding of prion appearance in vivo through this body of work. These studies have been organized into multiple models (Fig. 1) 
Model 1: [PIN + ] acts as a heterologous nucleus for Sup35 amyloid formation
What is the role of Rnq1 amyloid in promoting the formation of a stably propagating [PSI + ] state? The most widely accepted possibility is the heterologous nucleation model. According to this idea, Rnq1 amyloid templates the formation of Sup35 amyloid through direct interaction, providing a pathway to overcome the kinetic barrier to amyloid appearance by promoting nucleation (Fig. 1A ) (Derkatch et al. 1997 (Derkatch et al. , 2000 Osherovich and Weissman 2002 A factor acting as a heterologous nucleus for amyloid formation by another protein should accelerate the assembly of the latter both in vitro and in vivo in a manner that increases with the concentration of the former templates. While the priondetermining domain of Sup35 formed amyloid in vitro in the absence of Rnq1 amyloid (Glover et al. 1997; King et al. 1997) , the addition of Rnq1 amyloid accelerated its formation, as assessed by thioflavin T fluorescence (Derkatch et al. 2004; Vitrenko et al. 2007; Sharma and Liebman 2013a) . However, this stimulation did not recapitulate in vivo observations of conformationspecific genetic interactions between Rnq1 and Sup35 (Sharma and Liebman 2013a), was only weakly dependent on Rnq1 concentration (Derkatch et al. 2004 ) and required Rnq1 amyloid potentially in excess of the Rnq1:Sup35 ratios observed in vivo (Ghaemmaghami et al. 2003; Kulak et al. 2014) . These points raise the possibility of non-specific effects. For example, Rnq1 amyloid at high concentration may increase molecular crowding and thereby Sup35 assembly (Lansbury 1999; Minton 2005; Huang et al. 2015) . This alternative possibility also provides an explanation for the increased stimulation of Sup35 amyloid formation upon sonication of Rnq1 fibers (Sharma and Liebman 2013a) , an effect that is smaller in magnitude than would be predicted for end-dependent polymerization (Serio et al. 2000) but consistent with an increased efficiency of crowding expected at lower viscosity and with a smaller crowder (Ellis and Minton 2006; Bokvist and Gröbner 2007) . Intriguingly, the stimulation of Sup35 assembly in vitro is not specific to Rnq1 fibers, which was cited as evidence of specificity (Derkatch et al. 2004) . However, another possibility remains. The proteins that are capable of this activity (immunoglobulin, insulin and Rnq1) have isoelectric points close to neutrality, while those that are incapable of doing so (α-synuclein, lysozyme and transthyretin) have highly acidic or basic isoelectric points. If crowding is indeed the mechanism of stimulation in vitro, the charge of the crowder could be an important component of the effect, as has been previously suggested (Minton 1983 suppressed by a mutation in Sup35, providing support for molecular specificity in this process, although not necessarily through a direct Rnq1-Sup35 interaction (Keefer, Stein and True 2017) . Second, overexpressed Sup35 and Rnq1 co-localize to cytoplasmic ring and dot structures, as detected by immunofluorescence or tagging with fluorescent proteins (Derkatch et al. 2004; Kimura et al. 2004; Tyedmers et al. 2010; Du and Li 2014; Arslan et al. 2015) , and these structures have been previously linked to [PSI + ] appearance (Zhou, Derkatch and Liebman 2001) . Third, Sup35 and Rnq1 have been demonstrated to physically interact by immunoprecipitation/immunocapture from yeast lysates, the capture of Rnq1 from yeast lysates on a Sup35-affinity resin and in vitro cross-linking of purified proteins (Salnikova et al. 2005; Tyedmers et al. 2010; Sharma and Liebman 2013a; Keefer, Stein and True 2017) . Together, these observations provide support for an interaction between Rnq1 and Sup35, a necessary component of the heterologous nucleation model. Conceptually, the idea of an unrelated protein serving as a heterologous nucleus can be seen as counter to the known specificity of amyloid copolymerization, which requires a high degree of sequence identity (Krebs et al. 2004) . For example, the Sup35 homologs from the closely related species S. paradoxus and S. bayanus and from the more distantly related Pichia methanolica access a prion state, as assessed by loss of Sup35 native activity and GdnHCl reversibility, when overexpressed in the S. cerevisiae cytosol. However, these proteins are unable to support [PSI + ] propagation upon deletion of the S. cerevisiae SUP35 gene, demonstrating the sequence specificity required for heterologous nucleation (Chernoff et al. 2000; Chen, Newnam and Chernoff 2007) . Indeed, a single amino-acid change in Sup35 (S17R) disrupts the ability of preformed Sup35 amyloid fibers to accelerate the assembly of soluble wild-type Sup35 in vitro, although both wild-type and mutant Sup35s retain the ability to form amyloid on their own (DePace et al. 1998) . More extensive studies have revealed that exact homology in short stretches of Sup35 is required for copolymerization, prion induction and prion propagation (Santoso et al. 2000; Resende et al. 2002) , and these sequences mediate direct contacts between monomers that likely nucleate distinct Sup35 conformations (Chien et al. 2003 (Derkatch et al. 2001; Osherovich and Weissman 2001) . Nonetheless, the specificity described above reflects enddependent copolymerization as a mechanism of nucleation (Derkatch and Liebman 2007) , and there have been relatively few examples of such heteropolymeric amyloids identified to date (Sarell, Stockley and Radford 2013) . Consistent with this reality, Sup35 and Rnq1 form separate SDS-resistant aggregates in vivo (Bagriantsev and Liebman 2004 An expanding repertoire of possibilities has been reported for other pairs of amyloidogenic proteins. For example, the sequence-specific binding of Aβ to tau promotes phosphorylation of the latter, which in turn reduces the affinity between the two proteins and potentially promotes their aggregation (Guo et al. 2006 ). New1 induces ATP-dependent fragmentation of Sup35 fibers in vitro to create new ends (Inoue et al. 2011) , and an N-terminally truncated variant of β2-microglobulin induces a conformational change in the wild-type protein to promote amyloidogenesis (Eichner et al. 2011) . Sickle hemoglobin polymerization is believed to include a heterogeneous nucleation step mediated along the lateral surface of the polymer through sequence-specific contacts (Ferrone et al. 1980; Ferrone, Hofrichter and Eaton 1985; Rotter et al. 2005 ), a mechanism proposed to explain the kinetics of amyloidogenesis in vitro for other proteins (Knowles et al. 2009; Gaspar et al. 2017) (Manogaran et al. 2011; Sharma et al. 2017; Wisniewski et al. 2018) .
evidence linking a reduction in [PSI + ] appearance to a decrease in Rnq1-Sup35 association, effects on unknown events downstream of the Rnq1-Sup35 association and/or indirect effects independent of this association cannot be eliminated from consideration (Sharma and Liebman 2013b).
Model 2: [PIN + ] titrates an aggregation inhibitor
[PIN + ] has also been proposed to function as a factor that titrates an inhibitor of aggregation (Fig. 1B-step 1) (Derkatch et al. 2001; Weissman 2001, 2002; Vitrenko et al. 2007 ). This model is not mutually exclusive with the heterologous template model because, by definition, it describes the in vivo regulation of protein misfolding. Consistent with this idea, growth under conditions of stress led to an increase in the spontaneous frequency of [PSI + ] appearance in a strain expressing a mutant form of Sup35 that more readily converts to the prion state (Liu and Lindquist 1999; Tyedmers, Madariaga and Lindquist 2008) . Thus, the threshold for amyloidogenesis likely changes in distinct proteostatic niches, suggesting the potential for regulation. As was the case for the heterologous nucleation model, a more nuanced consideration of potential mechanisms of inhibition is warranted. (Derkatch et al. 1997) , and those that do not (Manogaran et al. 2011) (Fig. 2) . Thus, there are at least two genetically separable events. Second, fluorescently detectible structures, once appearing, dynamically evolve into different forms, and this evolution appears to be genetically regulated (Sharma et al. 2017; Wisniewski et al. 2018) (Fig. 2) . Third, SDS-resistant oligomers of the Sup35 prion-determining domain fused to GFP appear prior to microscopically visible structures (Sharma et al. 2017 (Derkatch et al. 1997) , its inability to do so could simply reflect differential affinities of Rnq1 amyloid and Sup35 for the titration target. Indeed, the idea of an aggregation inhibitor is supported by the observation Sup35 amyloid formation in vitro is inhibited by the addition of yeast lysates (Uptain et al. 2001 appearance (Derkatch et al. 2001) , but redundancy in and essentiality of genes necessarily complicate the search for putative aggregation inhibitors via this approach. Thus, inhibition of Sup35 nucleation and a role for [PIN + ] in promoting the bypass of this regulation remain theoretical possibilities to explore as new candidate genes are identified. Whether a nucleus is formed spontaneously without regulation or following the bypass of inhibitory processes, it must persist and be amplified to establish a stable, transmissible prion state in vivo (Pezza and Serio 2007) . Several lines of evidence suggest that persistence and amplification are related processes, reflecting a balance between growth and fragmentation of existing aggregates. For [PSI + ], amplification requires the fragmentation of existing Sup35 amyloid by the chaperone machinery, specifically the AAA + ATPase Hsp104 and its co-chaperones Hsp70 (Ssa1) and Hsp40 (Sis1) (Chernoff et al. 1995; Song et al. 2005; Satpute-Krishnan, Langseth and Serio 2007; Higurashi et al. 2008; Tipton, Verges and Weissman 2008) . In a balanced system, where wild-type factors are expressed at native levels and growth occurs in the absence of stress, introduction of a single, preformed Sup35 aggregate is theoretically sufficient to induce a stable [PSI + ] state (Tanaka et al. 2004 ). However, a Sup35 mutant that reduces the kinetic stability of its amyloid state or the upregulation of molecular chaperones in response to a sublethal heat shock create proteostatic niches in which existing amyloid is cleared through the process of Hsp104-dependent fragmentation (DiSalvo et al. 2011; Klaips et al. 2014; Pei et al. 2017) . Importantly, these niches occur in compartments characterized by an elevated chaperone:amyloid ratio due to the asymmetric inheritance of factors during yeast cell division (Derdowski et al. 2010; Klaips et al. 2014; Pei et al. 2017) . A similar situation likely exists during nucleation, where nascent amyloid appears at low abundance, and this reality raises the possibility of a different type of aggregation inhibitorone that promotes disassembly of existing aggregates (Fig. 1B-step 2) (Derkatch et al. 2001; Weissman 2001, 2002; Vitrenko et al. 2007; Davis and Sindi 2016 (Yang et al. 2013 ). In the case of Pin4C, overexpression leads to an increase in the size of Sup35 aggregates, as assessed by GFP-tagging/microscopy and by gel-based analysis of SDS-resistant aggregates from yeast lysates, and to a decrease in their mobility in some cells (Yang et al. 2013 (Hung and Masison 2006; Yang et al. 2013) . However, the interplay between amyloid and the proteostasis network is complex, as the opposite scenario also appears to promote [PSI + ] formation: overexpression of Cyc8C elevates the levels of Hsp104 (significantly) and Sis1 (modestly) (Yang et al. 2013) . Nonetheless, the impact of Pin4C overexpression provides clear support for the idea that overexpression of an amyloidogenic protein can titrate the fragmentation machinery away from nascent Sup35 aggregates, allowing them to persist (Yang et al. 2013 (Bradley et al. 2002) . Thus, strong support for the [PIN + ]-dependent titration of factors promoting the disassembly of nascent Sup35 aggregates is currently lacking. Rigorous analysis of this model, moreover, is not a straightforward endeavor for a number of reasons. First, given the low frequency of [PSI + ] appearance, the highest probability of detecting such an activity will occur in strains containing incompatible prions, which by definition induce each other's loss. Second, incompatibility between different prions is quite specific and is impacted not only by the constellation of prions present but also by their conformations, further restricting the experimental bandwidth in which to assess these effects (Bradley and Liebman 2003; Du and Li 2014) . Third, the propagation of different prions and even different variants of the same prion are differentially sensitive to chaperone levels (Kushnirov et al. 2000; Wegrzyn et al. 2001; Kryndushkin et al. 2002; Fan et al. 2007; Tipton, Verges and Weissman 2008; Mathur, Hong and Liebman 2009; Hines et al. 2011a,b; DeSantis and Shorter 2012; Dulle and True 2013; Lancaster, Dobson and Rachubinski 2013; Dulle, Stein and True 2014; Harris et al. 2014; Stein and True 2014) , raising the possibility of distinct titration targets. Fourth, the fragmentation machinery, if the target, would be required for both clearance and amplification of nascent Sup35 aggregates, and reductions in the expression of or mutations in these factors would be expected to lead to prion loss at additional points in the prion cycle beyond appearance. Fifth, chaperone-substrate interactions are notoriously transient. Given the constellation of intriguing observations compatible with this model, these challenges must be overcome to fully explore the pathway of prion appearance in vivo.
CONCLUSION
The domain of Sup35 is fused to a random C-terminal extension (RVDLQACKLMIQYQRK), suggesting another route to overcome the in vivo barriers to prion appearance (Derkatch et al. 1997 (Derkatch et al. , 2000 . Recent studies have embraced this possibility, and the extensive body of work contributed over the past two decades provides a strong foundation of genetic and physical interactions to guide future inquiry. To move forward, we must develop new approaches beyond the endpoint readout of assessing the appearance of a stable [PSI + ] state. The numerous questions remaining on prion appearance underscore the fact that mechanistic insight will only be gleaned through deconvolution of the interconnected processes of amyloid nucleation, persistence and amplification in vivo.
